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Robust Carbon Monolith having Hierarchical Porosity 

[0001]. The United States Government has rights in this invention pursuant to contract no. 
DE-AC05-00OR22725 between the United States Department of Energy and UT- 
Battelle, LLC. 

[0002] . FIELD OF THE INVENTION 

[0003]. The present invention relates to carbon monoliths having hierarchical porosity, and 
more particularly to robust carbon monoliths characterized by macropores and 
mesopores. 

[0004] . BACKGROUND OF THE INVENTION 

[0005]. The invention addresses two different and independent difficulties in the art of 
liquid chromatography. 

[0006]. Firstly, there is a lack of robust stationary phases for high performance liquid 
chromatography (HPLC) that provide broadly useful retention and separation patterns. 
Benefiting from the superior hydraulic and mass transfer kinetic properties of a 
monolithic structure, a variety of monolithic columns have been developed for fast 
separations during the last few years. These well known monolithic columns are 
categorized in to two general groups: silica-based columns and polymeric columns. 
Silica-based stationary phases are generally feasible only with mobile phases having a 
pH in the range of 3 to 10. Moreover, although polymeric phases are not as pH- 
limited, they are often degraded rapidly when used with certain common organic 
solvents and/or at high temperatures. Thus, there is a need for a rugged monolithic 
column made with a stationary phase that can be used in a wide range of chemical 
environments and at elevated temperatures. 

[0007], Electrochemicaily modulated liquid chromatography (EMLC) requires an 
electrically conductive stationary phase, which generally excludes all silica-based and 
most polymeric stationary phases. Carbon-based particulate stationary phases are 
currently the only type of stationary phases used for EMLC. Conventional beds 
packed with porous graphite particles suffer from a poor electrical conductivity, hence 
from a heterogeneous distribution of the electric charges of the particles. The 
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electrical equilibrium of the column can only be achieved after washing it for a very 
long time with the mobile phase. This causes a slow adjustment of the experimental 
conditions and the waste of valuable chemicals. The development of EMLC has been 
considerably slowed down by the lack of a suitable stationary phase. 
[0008]. Carbon monoliths having hierarchical porosity have been made using a silica 
monolith having hierarchical porosity as a template. Carbon monoliths made thereby 
take the shape of the voids (pores) of the template and are of very low density and are 
not structurally robust. Such carbon monoliths are known to undergo structural 
collapse under an electron beam of an electron microscope. A robust carbon monolith 
having hierarchical porosity is needed for applications such as chromatography and 
other chemical separations. 

[0009]. OBJECTS OF THE INVENTION 

[0010]. Accordingly, objects of the present invention include provision of: a robust carbon 
monolith having hierarchical porosity; a robust carbon monolith characterized by 
macropores and mesopores; a monolithic column for HPLC that can be used in a wide 
range of chemical environments and at elevated temperatures; a highly conductive 
monolithic column for HPLC; a method of synthesis of a porous carbon monohth; use of 
any of the foregoing as a versatile HPLC column bed; use of any of the foregoing as a 
highly conductive EMLC column; and a robust material that is characterized by a 
combination of chemical merits of a high specific surface area carbon adsorbent and 
superior hydrodynamic properties of a monolithic structure. Further and other objects of 
the present invention will become apparent from the description contained herein. 

[001 1]. SUMMARY OF THE INVENTION 

[0012]. In accordance with one aspect of the present invention, the foregoing and other 
objects are achieved by a carbon monolith that includes a robust carbon monolith 
characterized by a skeleton size of at least 100 nm, and a hierarchical pore structure 
having macropores and mesopores. 
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[0013]. In accordance with another aspect of the present invention, a monoUthic 
chronoatography colunm includes a robust monolithic carbon stationary phase disposed in 
a chromatography column, the monolithic carbon stationary phase characterized by a 
skeleton size of at least 100 nm. 

[0014]. In accordance with anodier aspect of the present invention, a method of preparing a 
robust carbon monolith includes the steps of: providing a carbon monolith precursor 
having a porosity-generating fugitive phase dispersed therein, the fugitive phase 
comprising mesoparticles and microparticles; carbonizing the carbon monolith precursor 
to form a carbon monolith: and removing the fugitive phase from the carbon monolith to 
form a robust, porous carbon monolith characterized by a skeleton size of at least 100 nm, 
and a hierarchical pore stmcture having macropores and mesopores. 

[0015]. In accordance with another aspect of the present invention, a method of preparing a 
robust carbon monolith includes the steps of: providing a carbon monolith precursor 
having a particulate porosity-generating fugitive phase dispersed therein, the fugitive 
phase comprising mesoparticles and microparticles; and heating the carbon monolith 
precursor to carbonize the carbon monolith precursor, and to remove the fugitive phase 
from the carbon monolith, to form a robust, porous carbon monolith characterized by a 
skeleton size of at least 100 nm, and a hierarchical pore structure having macropores 
and mesopores. 

[0016]. In accordance with another aspect of the present invention, a method of preparing a 
monolithic chromatography column includes the steps of: providing a carbon monolith 
precursor having a porosity-generating fugitive phase dispersed therein; carbonizing 
the carbon monolith precursor to form a carbon monolith; removing the fugitive phase 
from the carbon monolith to form a robust, porous carbon monolith characterized by a 
skeleton size of at least 100 nm, and a hierarchical pore structure having macropores 
and mesopores; and encapsulating the porous carbon monolith to form a 
chromatographic column. 
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[0017]. In accordance with another aspect of the present invention, a method of preparing a 
nnonolithic chromatography column includes the steps of: providing a carbon monolith 
precursor having a porosity-generating fugitive phase dispersed therein; heating the 
carbon monolith precursor to carbonize the carbon monolith precursor to form a 
carbon monolith, and to remove the fugitive phase from the carbon monolith; and 
encapsulating the porous carbon monolith to form a chromatographic column, 

[0018]. BRIEF DESCRIPTION OF THE DRAWINGS 

[0019]. Fig. 1 is a schematic illustration of the three-dimensional molecular structure of the 
resorcinol iron (III) complex. 

[0020]. Fig. 2 is a schematic illustration of the co-polymerization of formaldehyde and 
resorcinol iron (III) complex. 

[0021], Fig. 3 is a schematic illustration of a carbon precursor tailored by colloidal spheres 
in accordance with the present invention. 

[0022]. Fig. 4 is a schematic illustration showing the principle of reaction induced phase 
separation of a ternary system in accordance with the present invention. 

[0023]. Fig. 5 is a photomicrograph showing the macropore morphology of a carbon 
monolith made by disordered colloidal templates in accordance with the present 
invention. 

[0024]. Fig. 6 is a photomicrograph showing the morphology of a carbon monoUth made 
by ordered colloidal array in accordance with the present invention. 

[0025]. Fig. 7 is a photomicrograph showing the secondary porosity of a carbon monolith 
made by colloidal templates in accordance with the present invention. 

[0026]. Fig. 8 is a photomicrograph showing the morphology of a carbon monolith which 
has 800 nm macropores with the skeleton size of 250 nm in accordance with the 
present invention. 
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[0027]. Fig. 9 is a photomicrograph showing the sample has 1.5 /xm mesopores in 
accordtince with the present invention. 

[0028]. Fig. 10 is a photomicrograph showing a carbon sample with 2 /xm mesopores in 
accordance with the present invention. 

[0029]. Fig. 11 is a photomicrograph showing a carbon sample with 3 fim mesopores in 
accordance with the present invention. 

[0030]. Fig. 12 is a photomicrograph showing a carbon sample with 5 (xm mesopores in 
accordance with the present invention, 

[0031]. Fig, 13 is a photomicrograph showing a carbon sample with approximate 10 /xm 
mesopores in accordance with the present invention. 

[0032], Fig. 14 is a photomicrograph showing a carbon sample with about 20 fixn 
mesopores in accordance with the present invention. 

[0033], Fig. 15 is a photomicrograph showing the secondary porosity of a carbon monolith 
in accordance with the present invention. 

[0034]. Fig. 16 is a TEM image of the mesopores on a carbon monolith in accordance with 
the present invention. 

[0035]. Fig. 17a is a schematic illustration showing a radial cross-section of a carbon 
column in accordance with the present invention. 

[0036]. Fig. 17b is a schematic illustration showing an axial cross-section of a carbon 
column in accordance with the present invention. 

[0037]. For a better understanding of the present invention, together with other and further 
objects, advantages and capabilities thereof, reference is made to the following disclosure 
and appended claims in connection with the above-described drawings. 
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[0038] DETAILED DESCRIPTION OF THE INVENTION 

[0039]. In accordance with the present invention, a robust, hierarchically porous carbon 
monolith is characterized by a combination of: 

L Macropores having a size in the range of 0.05 |xm to 100 jiuxi, preferably in the 
range of 0.1 pm to 50 fxm, more preferably in the range of 0.8 |jm to 10 |jm; 

2. Mesopores having a size range of ISA to 50 nm, preferably in the range of 0.5 
nm to 40 nm, more preferably in the range of 5 nm to 30 nm; and 

3. A skeleton size (monolith wall thickness) in the range of 100 nm to 20 jim, 
preferably in the range of 200 nm to 10 \xm, more preferably in die range of 400 nm to 
1 \im. 

[0040]. Graphitized carbon can serve as a highly inert stationary phase that can be used 
under harsh experimental conditions, e.g., with an extremely acidic or basic solution as 
the mobile phase in HPLC applications. The robust monolithic structure permits the 
achievement of a high permeability and fast mass transfer kinetics. Moreover, the 
column has a low backpressure and fast HPLC separations can be performed. Some 
advantages of a carbon monolithic liquid chromatography column include: a 
combination of the chemical merits of a high specific surface area carbon adsorbent 
and a superior hydrodynamic properties of a monolithic structure. 

[0041]. Another unique feature of a carbon monolithic column is its excellent electrical 
conductivity. It is possible to modulate retention by adjusting the potential of the 
carbon surface. Thus, a carbon monolithic column is ideal for EMLC because the high 
electrical conductivity allows a homogeneous surface potential over the entire column 
and a rapid equilibrium after changes of the applied external electric field. 

[0042]. The present invention provides new liquid chromatography separation patterns, 
profoundly different from those achieved with known stationary phase materials. 

[0043]. The present invention provides methods of fabricating of a wide variety of carbon 
monoliths that are especially useful as columns for HPLC and/or EMLC applications. 
Appropriate modifications to the characteristics of materials used in fabricating the 
columns allow the achievement of various trade-offs in column efficiency, 
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permeability, rate of separation, column loading capacity, etc. The column is made of 
a hierarchically porous carbon monolith, which is preferably first clad with a heat 
shrinkable tube and then encapsulated in a metal or polyether-ether-ketone (PEEK) 
tube. A carbon monolith, or "skeleton" is characterized by macropores and mesopores 
(secondary porosity). The secondary porosity contributes to the surface area which is 
required to achieve the desired separation. Such a hierarchical structure enables fast 
separation with superior hydraulic properties. 

[0044]. A robust monolith skeleton wall thickness must be at least 100 nm and may be as 
large as 20 jiun. The generaUy accepted optimal wall thickness for HPLC applications is 
from 200 nm to 5 jjm. HPLC applications in particular require column material that can 
sustain pressure from 10 bars to 400 bars. Carbon monolithic material of the present 
invention is surprisingly robust, and can withstand sustains pressure up to 400 bars 
without undergoing any structural damage or collapse. 

[0045]. Fabrication of a robust carbon monolithic column in accordance with the present 
invention includes the following general steps: preparation of a carbon monolith 
precursor having a porosity-generating fugitive phase; carbonization of the precursor 
and the removal of the fugitive phase; optional graphitization; and encapsulation to 
form a chromatographic column. 

[0046]. Preparation of Precursor 

[0047]. A carbon monolith precursor is defined as any material that can be carbonized to 
form a carbon monolith that can be used for a chromatographic separation. The 
precursor must include a particulate, porosity-generating, fugitive phase which serves 
as a template for the pores that characterize the final product. A carbon monolith 
precursor is prepared in any desired shape, but is usually rod-shaped to conform to the 
general shape and size of a liquid chromatography column. Precursors can be 
prepared by several methods in accordance with the present invention; several 
examples are described hereinbelow. 
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[0048] Method 1 : Fe Catalyzed Polymer with a Template of Silica Beads 

[0049]. Step 1: Silica beads sized from 800 nm to 10 txm are dispersed in a solvent in a 
concentration range of 0.1 to 2 g/g using an appropriate dispersing method such as 
ultrasonic mixing, for example, to form a colloid. The solvent can be any polar 
solvent or solvent mixture. A mixture of ethanol and water is suggested. 

[0050]. Step 2: FeCls is dissolved into the colloid in a concentration range of 0.001 to 0.5 

[0051]. Step 3. Resorcinol is dissolved into the colloid in a concentration range of 0.1 to 
2.5 g/g. 

[0052]. Step 4. The colloid is agitated to facilitate a reaction to form a resorcinol/FeCUI) 
complex, illustrated in Fig. 1. 

[0053]. Step 5. A 5% to 37% solution of formaldehyde in water is cooled to a temperature 
in the range of about O^'C to 20**C and added to the colloid in a concentration range of 
0.01 to 2.5 g/g. 

[0054]. Step 6. The colloid is cooled to a temperature in the range of about 0°C to 20°C 
and stirred for a time period of 5 min to 30 min to effect homogeneousness. 

[0055]. Step 7. The colloid is transferred into a mold of desired monoUth shape and heated 
to a temperature in the range of about 50"C to 95*'C for a time period of 0.5 h to 20 h to 
effect polymerization of the colloid into a solid monolith, shrinkage of the monoUth 
from the mold wall, and curing of the monoUth. Fig, 2 shows the polymerization 
reaction. 

[0056]. Step 8. The solid monolith is removed from the mold and the solvent is evaporated 
therefrom to dryness. 
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[0057]. Step 9. The dry monolith is cured at a temperature in the range of about 40''C to 
ISO^'C for a time period of 3 h to 20 h to effect complete polymerization of the 
monolith material. 

[0058]. EXAMPLE I 
[0059]. 6 g of silica beads were dispersed in 5g of an aqueous solution of 
ethanol (80% ethanol, 20% water) using an ultrasonic mixer. 1.08 g FeCh 
was then dissolved into the suspension, followed with 2.2g of resorcinol, 
dissolved by hand shaking. The colloid solution turned dark immediately 
after the addition of resorcinol, indicating the formation of a 
resorcinol/Fe(in) complex. 2,4 g of an ice-cooled, 37% formaldehyde 
solution in water was introduced into this mixture, in one step, with hand 
shaking. The mixture was kept in an ice- water bath for 10 minutes with 
magnetic stirring. After removal of the ice-water bath, the mixture was 
slowly transferred into 5 mm ID glass tubes which were capped when 
filled. These tubes were then placed in a 70''C water bath. The mixture 
polymerized rapidly into a solid rod inside the glass tube. This rod 
detached from the tube wall because of the shrinking caused by 
polymerization. The polymer rod was aged time period of 5 h in the glass 
tube, which was kept in the hot- water bath. The crack-free phenolic 
resin/siUca rods were removed from the glass tubes by shaking each tube 
toward its open end. The wet rod was put into the hood for three days, in 
order to evaporate the solvent. Finally, it was thoroughly dried in a 
vacuum oven at SO^'C, time period of 10 h. The dried rods were further 
cured at 135°C for 4 h to ensure complete polymerization. 

[0060]. Method 2: Fe Catalyzed Polymer with a Template of Polystyrene Beads 
[0061]. This method is essentially the same as Method 1 above, the only difference being 
that polystyrene beads replace the sihca beads. 

[0062]. Method 3 Fe Catalyzed Polymer With A Duplex Template Of Silica Beads 
[0063]. This method is also similar to Method 1, but a suspension of silica beads of two 
discrete, different particle sizes is used. The larger particles can generally be in a size 

9 



DOCKET 1297 



range of 800 nm to 10 ^m, the smaller particles can generally be in a size range of 6 
nm to 100 nm, and the population ratio of the larger particles to smaller particles can 
generally be in a range of 0.1 to 10. 

[0064]. After Step 6 as described above, the colloid is subject to centrifugation at a 
sufficient RPM and for a sufficient period of time to effect formation of large particles 
into a compacted ordered macroporous colloidal array while the small particles remain 
as a stable suspension in the interstices of the array. The porosities of the macropore 
and mesopore arrays can be finely adjusted by varying the ratio of the differently sized 
particles. 

[0065]. EXAMPLE II 
[0066]. Generally following the method of Example I, 2 g of silica beads having 
a particle size of 5 |xm and 1 g of silica beads having a particle size of 13 
nm were used. Following introduction of the formaldehyde solution, the 
colloid was centrifuged at about 3000 RPM for 30 min. Only the large 
particles form a compacted ordered colloidal array while the small 
particles remain as a stable suspension between them. After removal of 
the supemant, poly-condensation of the colloidal array into a rod was 
carried out in the centrifuge tube in an oven at SO^'C. 

[0067]. Method 4: Fe Catalyzed Polymer with a Duplex Template of Polystyrene 
Beads 

[0068]. This method is essentially the same as Method 3 above, the only difference being 
that polystyrene beads replace the silica beads. 

[0069]. For a better understanding of the above described colloidal templating methods, 
Fig. 3 illustrates the fabrication of the precursor monoliths made via methods 1 to 4. 
The colloidal array 30 can be silica and/or polystyrene spheres 32. The voids 34 are 
filled with carbon precursor. As will be described hereinbelow, silica spheres are 
removed by HF or NaOH after carbonization, and polystyrene spheres are removed by 
thermal decomposition during carbonization, leaving a carbon skeleton. 
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[0070]. Methods: Double Condensation Method 

[0071]. An ethanol solution of tetraethoxylsilane (TEOS) in a concentration of 0.1 to 5 g/g, 
polyethylene-oxide-propylene-oxide-ethylene-oxide (P123) in a concentration of 0.1 to 
5 g/g, and IM HCl in a concentration of 0.0001 to 0.04 g/g is prepared. The mixture is 
cast into a tube and gelled into a monolith at a temperature in the range of about 30 
to 80 °C for a time period in the range of about 2 h to 10 h. The monolith is then dried 
at a temperature in the range of about 50 to 150 °C, preferably in a vacuum oven. 

[0072]. EXAMPLE III 
[0073]. 10.4 g of TEOS, 8.7 g P123 and 3,5 g Im HCl were mixed in 69 g 
ethanol. The mixture reacted at 70"C for 1.5 h. 3.3 g resorcinol in 3.6 g 
37% formaldehyde was added into the mixture after the removal of 
ethanol by vacuum. The final mixture was introduced into a glass tube 
and reacted at 80 ^'C for 4 h. Afterwards the rod was thoroughly dried in a 
vacuum oven at 100 °C. 

[0074], Method 6: Reaction induced dual phase separation of ternary organic 
mixture 

[0075], A homogeneous solution of component A, component B, and component C is 
induced to perform dual phase separation via reaction. The polymerization of 
component A induces a primary phase separation of polymerized component A and 
component C in micron or submicron scale. As component A polymerizes, component 
B becomes enriched in the polymerized phase of component A. With further 
polymerization of component A, component B separates from component A, resulting 
in a secondary, nanometer scale phase separation. The removal of components B and C 
yields the desired hierarchical porous structure of the carbon precursor needed to carry 
out the present invention. Fig. 4 shows schematically the principle of the 
polymerization induced phase separation the ternary system, 

[0076]. In this system, component A is carbon forming agent, component B is a mesopore 
forming agent, and component C is a macropore forming agent. The three components 
are mixed together, transferred into a mold of desired monolith shape, allowed to settle 
for a time period of 2h to 20h and heated to a temperature in the range of about 40''C to 
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50"C for a time period of Ih to 72h to effect curing of the monolith. The monolith is 
then hardened by treating with 20% to 80% sulfuric acid for a time period of 2 h to 10 
h. Components B and C are then removed by washing the monolith, for example, with 
copious water. The monolith can then be thoroughly dried. Drying method is not 
critical, but it is suitable to dry the monolith in a vacuum oven at nominal 100 ^'C. 

[0077]. Component A is generally comprised of at least one monomer, and can be selected 
from at least the following examples: furfuryl alcohol, alkyl substituted furfuryl 
alcohol, furfuryl aldehyde, alkyl substituted furfuryl alcohol, phenol, alkyl phenol, 
phenolic alcohol, and alkyl substituted phenolic alcohol, epoxy, and polymers of the 
aforementioned compositions. 

[0078]. Component B can be comprised of at least one surfactant and/or a low-charring 
polymer. Nearly all surfactants, including ionic surfactants and nonionic surfactants 
are contemplated as suitable for use as component B. Polyethylene oxides of various 
molecular weights, generally in the range of 200 to 100000 Dal ton, are suitable 
candidates for component B. 

[0079]. Oligomer C can be selected from at least the following examples: ethylene glycol, 
diethylene glycol, triehtylene glycol, tetraenthylene glycol, poly ethylene glycol, oleic 
acid, propylene glycol, dipropylene glycol, and water. 

[0080]. Polymerization catalysts, crosslinkers, and/or curing agents can be added to the 
mixture. 

[0081]. EXAMPLE IV 
[0082]. Two solutions were made separately. 4 g of p-toluenesulforic acid 
monohydrate dissolved in 46 g of diethylene glycol, 25 g of surfactant 
P123 dissolved in 25g of furfuryl alcohol. These two solutions were then 
mixed with mechanic stirring at room temperature. This mixture was 
them cast into a cylindrical model of appropriate diameter and settle at 
room temperature for a time period of 12 h before final curing at 70 ""C 
for 24 h. The cured mixture formed an organic polymer rod with 



12 



DOCKET 1297 ^ _ 

interconnected macropores which filled with the macropore forming 
agent. The rod was hardened by treating the rod with 60% sulfuric acid at 
SO^^C for a time period of 2 h. The surfactant and the macropore forming 
agents were then removed by washing the rod with copious water. The 
rod was thoroughly dried in a vacuum oven at lOO^^C. 

[0083]. Carboniza tion, Removal of Fugitive Phase, and Graphitization 

[0084]. Precursors made as described above can be carbonized by any conventional 
carbonization method. Carbonization can generally comprise heating in an inert 
environment. The particular method is not critical to the invention, although some 
methods will be found to be better than others, depending on the desired result. 

[0085]. Following carbonization, soluble fugitive phases and catalysts are removed by 
dissolution with a solvent that does not harm the carbonized monolith. Thermally 
decomposable and or volatile fugitive phases are generally removed during 
carbonization and/or graphitization. 

[0086]. Carbonized monolidis can then be graphitized by any conventional graphitization 
method. Graphitization can generally comprise heating in an inert environment to a 
temperature exceeding the carbonization temperature. The particular method is not 
critical to the invention, although some methods will be found to be better than others, 
depending on the desired result. Graphitization is preferred because it essentially 
eliminates microporosity (pores <18 A), but a non-graphitized carbon monolith can be 
used for some applications. Microporosity can be also blocked by known chemical 
modification methods. 

[0087]. Carbonization of precursor monoliths made by Methods 1, 3, and 5 described 
above is followed by the removal of silica template and/or catalyst, which is followed 
by graphitization. Figs. 5 to 7 show the morphologies of carbon monoliths made via 
colloidal templates. 
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[0088]. EXAMPLE VI 
[0089]. Precursor rods which were made by Methods 1, 3, and 5 described 
above were placed into a cylindrical furnace, purged with N2 (45 
ml/min). A programmed temperature cycle was applied to the furnace. 
The temperature was first ramped from 135 to 800°C at 2.5''C/min and 
then kept constant at SOO'^C for 2 h, to ensure complete carbonization. A 
second temperature ramp took place from SOO'^C to 1250*^0 at WC/min, 
The temperature was kept constant at 1250*'C for 1 h. Afterward, the 
furnace was allowed to cool naturally to ambient temperature. The silica 
beads and the iron catalyst were removed by washing with a concentrated 
solution of hydrofluoric acid followed by rinsing with copious amounts 
of distillated water. The porous carbon rod obtained was thoroughly 
dried under vacuum at 80°C. 

[00901. EXAMPLE VII 
[0091]. Porous carbon rods made in accordance with Example VI were 
graphitized by high temperature treatment (HTT), The temperature 
ramps were progranuned as a slow ramp from room temperature to 
1600°C at the rate of 5*^C/min, and then followed by a rapid ramp to 
2400^C at the rate of 10 to 20*'C/min. The temperature was kept at 
2400°C for 10 to 30 minutes then cooled down to ambient temperature. 

[0092]. The pore forming agents used in Methods 2, 4, and 6 are thermally decomposable 
and/or volatile. Following carbonization, the carbon monolith does not generally 
contain any other elements except carbon. Therefore, a single process can be used to 
carbonize the precursor, remove the fugitive phase (generally via decomposition 
and/or volatilization), and graphitize the carbon monolith. The precursor made via 
method 6 is carbonized and graphitized by heating, preferably in a controlled fashion, 
from room temperature to graphitization temperature which is in the range of 2100 °C 
to 2800 °C. 
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[00931. EXAMPLE VIII 

[0094]. Precursor rods prepared by Methods 2, 4, and 6 described above were 
carbonized and graphitized through a programmed continuous 
temperature procedure. A slow temperature ramp at the rate of 0.1 to 1 
^'C/min was applied from room temperature to 750 °C to carbonize the 
polymer rods and followed by a fast temperature ramp at the rate of 2 to 
20 **C/min to the 2400 °C/min and hold at 2400 °C for half an h to 
graphitize the carbonized rods. 

[0095]. By varying the pore forming agents the sizes of the macropores and mesopores can 
be finely adjusted within the limits set forth hereinabove. Figs. 8 to 14 show 
morphologies of macropores with various sizes. These macropores are the primary 
porosity of the carbon monoliths. A secondary phase separation results in the 
secondary porosity on the carbon skeleton. Fig. 15 shows the secondary porosity on 
the carbon skeleton. Fig. 16 shows the mesopores examined by transmission electron 
microscopy (TEM). 

[0096]. Cladding of Graphitized Monolith 

[0097]. Following graphitization, the robust carbon monolitii is fabricated into a column 
for liquid chromatography in accordance with the present invention. Fig. 17 
schematically illustrates the cross-section of a carbon colunm 170. First, the monolith 
172 can be clad with an inert cladding 174, such as poly tetrafluoroe thy lene (PTFE). 

[0098]. Fabrication of Chromatography Column 

[0099]. The clad monohth is subsequenfly coated with a cementing agent such as epoxy 
cement, and inserted into a structurally robust tube that is suitable for use as a liquid 
chromatography column. Typical tubes are 14" stainless steel tubing, cut to typical or 
desired length. After the cement cures, the column is complete and ready to be 
connected to a liquid chromatography system, generally using reduction unions. A 
variety of different columns can be made by using carbon monoliths of different 
diameters and lengths. The dimension of the column can thus be varied due to the 
requirements of applications. 
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[00100]. EXAMPLE IX 
[00101]. The carbon rod was clad in an oven at 340 ''C with a section of heat- 
shrinkable Teflon tubing. The encapsulated carbon rod was then 
cemented into a precut stainless steel tube, with epoxy cement. 

[00102]. Various cladding materials may be used to encapsulate the porous carbon monolith 
in accordance with the present invention. The cladding materials can be thin tubes 
made of, for example, heat- shrinkable PTFE, PEEK, fluorinated ethylene propylene 
(FEP), perfluoroalkoxy (PFA), or mixtures of these polymers. They are available in all 
necessary sizes and grades. Some are resistant to the same chemicals as the carbon 
monoliths. When the carbon monolith is encapsulated with a section of heavy-duty- 
walled heat-shrinkable tube, the end fits can be directly attached to the column without 
the shield of steel tube. For example, when the carbon monolith is clad with a section 
of thick wall heat shrinkable PEEK tube, end fitting nuts can be direcdy machined on 
the column. 

[00103]. Figs. 16 - 17 show schematically, not to scale, a chromatography column 70 
including carbon monolidi 72, cladding 74, and tube 76. 

[00104]. The monolithic carbon colunm can be made into any dimensions with any desired 
^ shape and dimensions in accordance with the present invention. Examples of 
contemplated shapes include, but are not limited to rod, disk, tube, annular, angular, 
helical, coil, etc. 

[00105]. The monolithic carbon column can be subject to chemical treatment of the carbon 
monolith with functionalities for the enhancement of the separation effect. Examples 
of chemical treatment include, but are not limited to: chemically oxidizing the carbon 
surface; chemically grafting ligands and/or organic chains to the carbon surface; 
electrochemically reducing aryl diazonium salts on the carbon surface; electrochemically 
oxidizing alkylamines on the carbon surface; electrochemically oxidizing arylacetates on 
the carbon surface; and electrochemically oxidizing alcohols on the carbon surface. 
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[00106]. Moreover, the monolithic carbon column can be subject to physical treatment of 
the carbon monolith with functionalities for the enhancement of the separation effect. 
Examples of physical treatment include, but are not limited to physical absorption of 
functional molecules such as surfactants, macromolecules, crown ether, porphyrin, and 
other compositions that are generally used for the purpose of enhancing chromatographic 
separations. 

[00107]. The monolithic carbon column can be used as sorbents for solid phase extraction 
processes. 

[00108]. The monolithic carbon column can be used for gas chromatography and any other 
type of analytical chromatographic separation. 

[00109]. The monolithic carbon column can be used as catalyst bed. For example, catalyst 
particles can be chemically or electrochemically deposited in the pores of the carbon 
monolithic column. Various catalyst particles can be used to catalyze various 
reactions. 

[00110]. The monolithic carbon column can be used as porous electrode for any 
electrochemical system, especially those that require high electrode surface area. The 
carbon monolithic column can also be used as a flow-through electrode for continuous 
electrochemical processes. 

[00111]. The present invention is generally characterized by at least three advantages in 
liquid chromatography applications: 

[001 12]. 1) Carbon monolithic columns made in accordance with the present invention have 
an extremely high resistance to aggressive chemicals. They can be used with solutions 
having any pH (from below 0 to above 14, if needed), with nearly any solvent or 
solvent mixtures, and at any practical temperature. The carbon monolithic columns can 
generally be attacked only by concentrated hydrogen peroxide, solutions of organic 
peroxides and of ozone, and are free from many of the disadvantages of silica- or 
polymer-based columns. 
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[00113]. 2) Benefiting from the monolithic structure, carbon monolithic columns exhibit a 
much lower back pressure than columns packed with small particles. This makes the 
present invention most suited for fast separations. 

[00114]. 3) Carbon monolithic columns made in accordance with the present invention 
exhibit a high electrical conductivity and are electrically homogeneous. This makes 
them ideal for EMLC. 

[00115], The present invention can be, among other applications, used as the working 
electrode of EMLC columns. The column may be configured as a 2-electrode or a 3- 
electrode EMLC column. According to the requirements of the analyst, the counter- 
electrode and of the reference electrode could be placed in the column, upstream, or 
downstream of the column. Fig. 18 shows a configuration of a carbon column 
connected in an EMLC system 

[00116]. While there has been shown and described what are at present considered the 
preferred embodiments of the invention, it will be obvious to those skilled in the art that 
various changes and modifications can be prepared therein without departing from the 
scope of the inventions defined by the appended claims. 
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